Abstract-This paper deals with a design problem of a continuous-time anti-windup generalized predictive control system using coprime factorization approach for nonminimum phase processes with input constraints. Based on the proposed design scheme, a condition for stability of the closed-loop system with input constraints and a straightforward method t.o improve the output response of the system with input constraints are given. Simulation results are presented to support the theoretical analysis.
I. INTRODUCTION
Generalized predictive control (GPC) is widely used in industry. In applying the control scheme to real processes in industry, process control systems must deal with some constraints such as pressure and temperature limit, and the control system must also avoid the unsafe operating regimes. Especially constraints on input variables and unsafe problem of controller are crucial in the case of control of process having unstable zeros, that is, nonminimuin phase process. One of the features of GPC is that it can control non-minimum phase process. However, the control of the above process often needs an unstable controller to cancel unstable zeros, and the use of the unstable controller in a non-minimum phase process causes an excess input over constraints. This paper considers a design problem of GPC for non-minimum phase processes with input constraints.
So far, input constraints have been taken into account in two ways. In the first case, predictive controls of constrained continuous-time systems were considered by using quadratic programniing [l] , [2] . In the second case, two-step design paradigm was discussed [3] . The second method is simply stated as follows: design a linear controller ignoring control input constraint and then add anti-windup bumpless transfer compensation t,o minimize the adverse effects of any control constraints on the closed-loop performance. The algorithms of GPC for processes with input coust,raint to use quadratic programming are rather coniplicated. Many design methods have been reported based on the second design paradigm (e.g. [4, 5, 6] ). Recently, anti-windup two-degreefreedom control of invertible plants was also given [ i ] . Most of the methods are for non-GPC scheme. As for GPC, only the following result is obtained, that is, a connection between model predictive control with constraints and a controller with saturating actuators is given [SI. However, the connection is given under a restricted conditlon and the controller considered is also restricted. This paper, based on the second approach, proposes a relatively simple design scheme of an anti-windup GPC for continuous-time non-minimum phase process. The design procedure has two steps: First, a strongly stable feedback controller for predictive control system is introduced by using coprime factorization representation [lo] . The strongly stable is also called internally stabilizing controller in the case of discrete-time systems [Ill. Second, the controller is extended to the case of processes with input constraints using coprime factorization representation and Youla parametrization for the controller of non-minimum phase processes. The controller has the following two characteristics: 1) By adding the anti-windup Compensation, the control performance of the predictive control does not deteriorate during nn-saturation period, and better tracking performance can be obtained during saturation. 2) A stability condition for the closed-loop system with input constraints is obtained. 5 U,,, This constraint is equivalently expressed as
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The objective is to design a continuous-time anti-windup generalized predictive control syst,em using coprime factorization representation and Youla parametrization for the above process.
DEVELOPMENT OF THE PR,OPOSED

AL.GORITHM
The proposed controller is given by the following Youla parametrization (Fig.l) , where UJ is reference input. 
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where, the coprime factorization presentation N ( s ) and D ( s ) of the process can be chosen as follows. (28) and (33) [9] . Since C[s] is stable, we obtain as a solution of Bezout identity (7), 
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Inverse Laplace transformation of (16) gives an emulated value of the kth derivative of y(t) as y;(t) = y:(t)+hkti (18) Coilsider the following cost function So far, the controller is designed without considering input constraint as step 1. Next, to obtain a stabilizing controller as design step 2, a stability conditioii will be derived by analyzing the stability of the proposed system in the presence of input constraints. The nonlinear system depicted in Fig.1 can be regarded as a system with perturbation depicted in Fig.3 , where 4(.) satisfies the following relation [6] .
The input constraint u ( z ) in equation ( 3 ) can be rewritten as 1 (37)
From the definition of U , we have
In the general framework of Fig.3 
Further, from ( 5 ) , (6) and ( 
U}
Using the result of 1121, we have the following Lemma as a. sufficient condition for nonlinear stability in the specified cone.
Lemma: In the case of G being an LTI operator with t,ransfer function G(s), t,he system in Fig.3 is stable for
where 'r r {TI I T'QT'-' E For the simplification, instead of 7, the following set can be used.
7' = {T' I T' E 7 and T' E C'X'} (45)
However, when Fig.3 is the equivalent diagram of Fig.  1 , from (38) should be bounded. Then a strongly stable controller is necessary for ensuring the bounded controller output a t the zero operator, U = 0 a i d at B(s) = 0. Namely, for guaranteeing global stability of the system with non-minimum phase of Fig.1 , we must have S(s) = V-lU, P , V and R stable, where S(s) is the controller for the process without input constraints (Fig.2) . Theorem: The closed-loop system described in Fig.3 
The system (Fig.2) is stable [lo] . That is, R(s) and S(s) are stable and u1 is bounded. For the case of nonminimum phase processes with input constraint, from V and Rare stable, we get that u1 is bounded. Especially, at B ( s ) = 0, V and R are stable, we also get that u1
is bounded. Further, we can show that if MD(s)Ad-' is strictly positive real and GII(S) E RH,,
This fact leads to the desired result based on the Lemma. Remark This paper considers the case of SISO. However, t.he above proof can be extended to the MIMO case.
IV. PERFORMANCE ANALYSIS OF THE PROPOSED SYSTEM
In this section. the analysis of input constraint for control performance is discussed. First, when no input constraint occurs, we have that the system is strongly stable. Then, pg D-1 y = -w Next, in the process with input constraint, we obtain the following input-output relations for the former design method [lo] and the proposed method.
1) Former method with input constraint
PR P
From (6), the design parameter Q(s) in V(s) affects the system performance. For reducing the influence of V(s), we have to reduce the gain of V(s). However, from the definition of S(s), this may give a high gain controller and may reduce the robustness of the control system in some cases. The selection of Q(s) is also limited for ensuring the stability of the zero of V(s).
2) The proposed method with input constraint
If only D-' is large by selecting adequate coprime factorization in a sense, that is, the gain of the closedloop characteristic polynomial is large, the output under input constraint can be expected to track the output in
For adjusting paranleter Q ( s ) , a simple and quantitative design method is given as follows. The parameter Q(s) = q is chosen such that the following polynomial is a Hurwitz polynomial.
(49).
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The purpose of this simulation is to compare the former and the proposed methods and t,o demonstrate the benefit of the proposed method when input constraint exists. Simulation study is conducted using the following non-minimum phase process. The unstable pole of the CGPC [9] :
0.0354
The poles of the former method [lo] -0.0082 f 1.0062i
To(s) = S* + 0.4468s + 0.0715 
In the case of input constraint being present (timar = 0.1; U,;,, = 0), Fig.4 shows the process output (dashed line) of the former method under Q ( s ) = -1 and the process output (solid line) for the same conditions using the proposed method. Meanwhile, Fig.5 shows the process input (dashed line) of the former method and the process input (solid line) of the proposed method, Fig.6 shows the process input (dashed line) of the former method prior to input constraint part and the process input (solid line) for the same conditions using the proposed method. Comparing the preceding simulation results in Fig.4 , the proposed control algorithm shows a better tracking performance. Also, better tracking performance is obtained on same conditions for the case of Q ( s ) = -0.5 (Fig.7) . From the above simulations, the design parameter Q ( s ) does not affect the proposed system performance.
VI. CONCLUSIONS
In this paper, a design problem of a continuoustime anti-windup generalized predictive control system using coprime factorization approach for non-minimum phase processes with input constraints was considered.
Under the existence of input constraint, a condition for the closed-loop stability and a straightforward method to improve the output performance of the syst,em are given. The effectiveness of the proposed method is also The further work will be on the control system design for non-minimum phase uncert,ain processes with input constraints. Meanwhile, disturbance rejection will be discussed.
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